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 Objectives. To evaluate the performance of the dynamic-area high-speed videokeratoscopy 
technique in the assessment of tear film surface quality with and without the presence of soft 
contact lenses on eye. 
Methods. Retrospective data from a tear film study using basic high-speed videokeratoscopy, 
captured at 25 frames per second, (Kopf et al., 2008, J Optom) were used. Eleven subjects had 
tear film analysis conducted in the morning, midday and evening on the first and seventh day 
of one week of no lens wear.  Five of the eleven subjects then completed an extra week of 
hydrogel lens wear followed by a week of silicone hydrogel lens wear. Analysis was 
performed on a 6 second period of the inter-blink recording. The dynamic-area high-speed 
videokeratoscopy technique uses the maximum available area of Placido ring pattern reflected 
from the tear interface and eliminates regions of disturbance due to shadows from the 
eyelashes. A value of tear film surface quality was derived using image processing 
techniques, based on the quality of the reflected ring pattern orientation. 
 
Results. The group mean tear film surface quality and the standard deviations for each of the 
conditions (bare eye, hydrogel lens, and silicone hydrogel lens) showed a much lower 
coefficient of variation than previous methods (average reduction of about 92%).  Bare eye 
measurements from the right and left eyes of eleven individuals showed high correlation 
values (Pearson’s correlation r = 0.73, p < 0.05).  Repeated measures ANOVA across the 6 
second period of measurement in the normal inter-blink period for the bare eye condition 
showed no statistically significant changes. However, across the 6 second inter-blink period 
with both contact lenses, statistically significant changes were observed (p < 0.001) for both 
types of contact lens material. Overall, wearing hydrogel and silicone hydrogel lenses caused 
the tear film surface quality to worsen compared with the bare eye condition (repeated 
measures ANOVA, p < 0.0001 for both hydrogel and silicone hydrogel).  
Conclusions. The results suggest that the dynamic-area method of high-speed 
videokeratoscopy was able to distinguish and quantify the subtle, but systematic worsening of 
tear film surface quality in the inter-blink interval in contact lens wear. It was also able to 
clearly show a difference between bare eye and contact lens wearing conditions. 
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Introduction 
The tear film is spread by the action of the eyelids during the blink and during the inter-blink 
period undergoes a dynamic process that can be essentially divided into three phases. They 
include the phase of tear film formation (build-up) that occurs immediately after a blink, 
followed by the phase of relative tear film stability, and finally, if the eye is left open for a 
sufficiently long period of time, the tear film break-up phase.1, 2  
Several invasive and non-invasive procedures exist to evaluate tear film quality. The invasive 
techniques such as fluorescein tear break-up time, have the disadvantage that the 
measurement procedure may have significant influence on the tear film properties and affect 
the outcome. For example, the instillation of fluorescein dye was found to change the tear 
film properties.3 Non-invasive procedures such as meniscometry,4 those based on the 
Hartmann-Shack wavefront sensing,5−7 interferometry 8−11 and the Tear-Scope 12, 13 have been 
developed to overcome this problem. Nevertheless, these objective techniques still present 
some limitations, such as relatively small coverage area (wavefront sensing is confined to the 
entrance pupil), high sensitivity to eye movements (interferometry), and subjectivity of tear 
film assessment (Tear-Scope).  
Another emerging technique for the non-invasive assessment of tear film surface quality is 
based on high-speed videokeratoscopy (HSV), 14, 15 an extension of the popular static 
technique to measure corneal topography. It is based on the projection of a pattern such as 
Placido disk rings, onto the cornea and capturing their reflection with a video camera. Hence, 
videokeratoscopy relies on the specular reflection (mirror-like property) of light reflected 
from the tear film surface. If the surface presents an irregularity, the reflected ray will deviate 
or scatter and the acquired image loses its original ring pattern shape. Hence, by measuring 
the structure of the recorded ring pattern, an estimate of the tear film surface quality can be 
derived. 
 Several studies have used videokeratoscopy to quantify the tear film changes over time, 14−19 
most of them based on the analysis of the topography data. For example, changes in corneal 
power maps,17 root mean square value of corneal aberrations,18 and surface regularity and 
surface asymmetry indices14 have been used as indicators of the tear film changes over time. 
However, as it was pointed out in our previous works,20,21 the topography information 
provided by the instrument during the tear break-up phase may produce a map which is 
inaccurate (best case) or not calculable at all (worst case). To overcome these difficulties 
progress has been made in devising image processing techniques that assess the tear film 
surface quality from the raw videokeratoscopy images rather than using the instrument 
estimated topography information.21−23 
The aim of this study was to evaluate the performance of the recently developed dynamic-area 
high-speed videokeratoscopy (HSV)23 in the assessment of tear film surface quality. In this 
method, the tear film surface quality is estimated from raw Placido disk images by first 
estimating the maximum possible corneal coverage area that is not affected by the shadows 
from the eyelashes, and then estimating the coherence (measure of orientation) of the Placido 
disk pattern as an indicator of the tear film surface quality. In the current study, it was 
anticipated that the enhanced HSV image processing methodology would detect more subtle 
differences in tear film surface quality. 
Retrospective data from a tear film study using HSV24 is used to evaluate the new image 
processing methodology. In that study, tear film surface quality was assessed in a group of 
subjects for eyes without contact lenses and again during wear of two types of soft contact 
lenses (hydrogel and silicone hydrogel), and significant changes were found in tear film 
surface quality between the bare eye and lens on eye conditions. It is known that tear film 
characteristics can be affected by contact lens wear. Several studies have shown negative 
effects on the tear film properties while a soft contact lens is worn. This can result in thinner 
lipid25 and aqueous26 layers, as well as a shorter tear break-up time.27, 28 This new 
methodology aims to provide an improved quantitative assessment of the effect of contact 
lens on tear film surface quality when measured in a non-invasive manner. 
Materials and Methods 
Clinical protocol 
The clinical study from which data is used to assess the dynamic-area high speed 
videokeratoscopy (HSV) technique has been presented earlier.24 For completeness, a 
summary of the clinical protocol is given. Eleven young subjects aged from 20 to 31 years 
(mean age 23 years) were recruited for the study. All subjects gave informed consent and the 
study was approved by the university research ethics committee. All subjects had corrected 
visual acuity of 6/6 or better in both eyes, good ocular and general health. Each subject was 
screened for anterior eye conditions that could contraindicate contact lens wear. No subject 
reported a history of significant dry eye symptoms and none had worn contact lenses for at 
least one month prior to the commencement of the study.  
The study was conducted over four consecutive weeks (order of conditions was not 
randomized) but not all subjects completed all four weeks. During the first week, no contact 
lenses were worn and bare eye measurements were taken from both eyes of 11 subjects. In the 
second week, a sub-group of five subjects wore a hydrogel lens, in one eye only (randomly 
chosen) and measurements were taken from the lens wearing eye. Following a week of no 
lens wear and no measurements, the hydrogel lens was exchanged for a silicone hydrogel lens 
in the fourth week of the study. In that week, measurements were again taken in the lens 
wearing eye only of the same 5 subjects. 
Measurements were taken on the first and the seventh day of the week, three times each day; 
in the morning, at lunchtime and in the afternoon. Five individual sets of HSV measurements 
were taken at each measurement session. Subjects were instructed to blink, open their eyes 
naturally, and then to avoid further blinking during the 8 seconds of data collection. 
Analysis of dynamic-area HSV data 
The technique operates on the set of images that comprise the dynamic videokeratoscopy 
recording. The researcher conducting the analysis was not masked to the condition being 
tested (i.e. bare eye versus contact lens), however the majority of the image processing 
techniques were automated and required no user input. The sampling rate was chosen to be 25 
Hz. Therefore each 8 second measurement resulted in 200 individual images. In the first 
stage, blinks and significant eye movements are detected in the sequence. The end of the blink 
indicates the point in time in which the tear film cycle begins. A period of one second post-
blink was excluded from the analysis to allow for the tear film to build-up.14 Analysis was 
then performed on the subsequent 6 seconds of the inter-blink recording (to produce a total of 
up to 750 images/estimates of tear film quality per subject/condition). During the recording 
the eye undergoes natural saccadic eye movements,29 which represent an interference that 
needs to be detected because it can cause blur motion images. Images affected by the blur 
motion were excluded from the analysis.  
Again, for completeness a summary of the technical aspects of the procedure is given here. A 
more detailed explanation of the procedure for the analysis of dynamic-area HSV images can 
be found in the recently published paper.23 First, estimation of the region of interest (ROI) is 
performed, this region is then fitted with an ellipse. The region of interest provides an 
estimate of the area that contains the fundamental information of the image. Basically, it is the 
area within the corneal boundary that contains all available videokeratoscopy pattern 
information (i.e., Placido rings).  This area may include interference, such as shadows from 
eyelashes, the presence of mucus, or tear film breaks-ups. Examples of the estimated region 
of interests (ROI) for an eye with a contact lens in situ are shown for the initial 1 second post-
blink frame (Fig. 1A) and for a frame at the end of the recording (Fig. 1B). The region of 
interest is tracked between subsequent images. By means of a mathematical linear model, 
tracking provides the ability to predict future positions of the region of interest, given 
knowledge of the state of its current positions, and more importantly, it smooths the signal by 
attenuating the measurement noise and estimation errors.30 
Once the region with the fundamental information (region of interest) is extracted, the next 
step is to detect the unaltered ring pattern within this area. The image processing routines 
separate the parts of the image that present a well structured Placido disk pattern from the 
interference. After this, the interference is further clustered into two types depending on the 
cause. Eyelash interference is the cluster related to the shadows from eyelashes, while tear 
disturbance interference is related to localized poor quality of the tear film, as indicated by 
arrows in (Fig.1B). 
The last step consists of estimating tear film surface quality in the area of analysis (AOA). 
The area of analysis is formed by the area related to the unaltered videokeratoscopy pattern 
signal and tear disturbance interference (areas of poor tear film quality). Therefore only the 
interference that is related to the shadows from eyelashes is left outside the area of analysis as 
indicated in (Fig. 1). It is important to note that the area of analysis in this new technique is 
several times larger than the central semi-circular region, used in the original study previously 
reported.23 This increased area of analysis should provide a more reliable method for 
quantifying tear film stability on the corneal surface or a lens. 
The tear film surface quality (TFSQ) indicator is estimated using the method of coherence 
analysis presented in our previous work.21 The value of this indicator for each image is the 
average of the coherence measurement across the area of analysis (AOA). The coherence is a 
measurement of the pattern’s local orientation. For a well oriented pattern (smooth tear film 
surface and regular Placido ring pattern) the value of the coherence would be one while for a 
poorly oriented pattern (disrupted tear film surface) the value of the coherence would be zero. 
Unlike the previous HSV method,24 in which the value of tear film surface quality was not 
bounded and had to be normalized, the value of tear film surface quality indicator from this 
method is bounded between the range of zero to one (a value of one indicating a good tear 
surface).  
Statistical analysis of tear film surface quality was performed using SPSS 16.0 software. 
Statistical procedures include the Pearson’s correlation test and repeated measurement 
ANOVA. For all statistical tests, a p-value of less than 0.05 was considered significant. Tear 
film surface quality data was assumed to be normally distributed. All statistical tests were 
adjusted to account for the different subject numbers in each part of the study. 
 
Results 
The group mean tear film surface quality and the standard deviations for each of the 
conditions (bare eye, hydrogel lens, and silicone hydrogel lens) are shown in (Table 1) for the 
analysis conducted with the previous24 and the current method. A direct comparison of current 
results to those of the previous method is not possible. Hence, the coefficient of variation (i.e. 
ratio of the standard deviation to the mean) is used as a normalized measure of the dispersion 
of the data. Overall, the results of the current method are characterised by a much lower 
coefficient of variation. This is equivalent to lower variation of the estimated tear film surface 
quality with an average reduction of about 92%.   
With the new dynamic-area method, bare eye measurements from the right and left eyes of 
the same individual showed higher correlation values (Pearson’s correlation r = 0.73, p < 
0.05) compared with the previous method (Pearson’s correlation r = 0.61, p < 0.05).  
Repeated measures ANOVA did not show statistically significant change (p > 0.05) of the 
tear film surface quality with the day of the week (1st versus 7th) nor with the time of the day 
(morning, lunch, and afternoon). Due to the lower variability of the data, we also performed 
the repeated measures ANOVA across the 6 second period of measurement in the normal 
inter-blink period for the time series data that was averaged for every half a second. For the 
bare eye condition, no statistically significant changes were observed in tear film surface 
quality during this time, indicating that the tear film was relatively stable in the measured 
inter-blink interval. However, when examining tear film surface quality across the 6 second 
inter-blink period of measurement, statistically significant changes were observed (p < 0.001) 
for both types of contact lens material. This indicates that the new dynamic-area HSV method 
was able to distinguish the subtle, but systematic worsening of tear film surface quality in the 
inter-blink interval in contact lens wear. In (Fig. 2) we show the group average tear film 
surface quality in the inter-blink interval for the bare eye and during the wear of hydrogel and 
silicone hydrogel contact lenses. It is clear that apart from the lower values of the tear film 
surface quality when wearing a contact lens on eye, there is a significant and rapid worsening 
of the tear film surface quality over time in those 6 second inter-blink measurement periods. 
Wearing hydrogel and silicone hydrogel lenses caused the tear film surface quality to worsen. 
All lens on eye measurements showed much lower (worse) tear film surface quality values 
than for the bare eye measurements on the same subjects and these result was statistically 
significant (repeated measures ANOVA, p < 0.0001 for both hydrogel and silicone hydrogel 
lenses). Repeated measures ANOVA on the effect of the day of the week (1st versus 7th) or 
time of day (morning, lunch, afternoon) did not show any statistically significant trends (p > 
0.05) for either of the lens materials.  
Based on the statics of this limited sample there was no evidence of any systematic difference 
in the tear film surface quality as function of the lens material, although the individual subject 
results suggested that differences between materials may exist for particular subjects. In (Fig. 
3) we show the mean values of the subgroup of 5 subjects that completed the study with both 
types of contact lenses.  
 
Discussion 
An enhanced methodology for estimating tear film surface quality has been evaluated on a set 
of retrospective high-speed videokeratoscopy recordings. The results showed that the new tear 
film surface quality indicator can be used for evaluating subtle changes in tear film surface 
properties in bare eye and contact lens on eye conditions.  
The increase of the area of analysis, compared to the previous method23 in which a central 
semi-circular area was used, appears to convey a significant advantage. This advantage of the 
dynamic-area approach to the analysis probably results because the tear film is known to 
become unstable at various locations across the whole corneal surface,31 not just in the central 
region. This increased area of analysis, together with an image coherence based estimator of 
the tear film surface quality indicator, leads to a much lower variation of the estimated tear 
film surface quality values and, subsequently, to the increased ability in determining subtle 
changes in tear film surface quality across the measurement period. 
Of particular interest is the observed systematic worsening of tear film surface quality during 
the inter-blink interval when a contact lens is worn. This worsening on tear film surface 
quality has been previously reported indirectly in the literature with other tear film 
parameters, such as reduction in the tear film layer thickness25, 26 and tear film meniscus.27, 28 
The dynamic-area HSV technique appears to show promise as a new method for 
quantitatively investigating this phenomenon. In the future, we will examine the effect of 
different lens materials in eye on the tear film surface properties, including build-up time14, 
inter-blink tear film surface quality and break-up times. It is hoped that the dynamic-area 
HSV will provide further insights into these clinical observations. 
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Table 1. Group mean tear film surface quality and the standard deviation for each of the 
conditions (bare eye, hydrogel lens, and silicone hydrogel lens). 
 
Method 
 
  Hydrogel Lens   Silicone Hydrogel Lens 
Bare Eye Day 1 Day 7 Bare Eye Day 1 Day 7 
Kopf et al.
28
 0.67±0.11 0.43±0.18 0.45±0.16 0.67±0.13 0.43±0.14 0.37±0.19 
Current 0.90±0.01 0.83±0.03 0.84±0.03 0.90±0.01 0.84±0.02 0.84±0.02 
  
 
 
 
 
 
 
 
 
 
  
Fig. 1. Example of two frames from a HSV recording with a lens on eye. (A) the initial frame 
acquired one second post-blink. (B) a frame at the end of the recording 5 seconds later, 
showing regions of initial tear break up (tear disturbances). ROI: region of interest denoted by 
area within white dotted line, AOA: area of analysis within white solid line. Eyelashes 
interference relates primarily to shadows cast by the eyelashes in the superior and inferior 
regions of the Placido disk pattern. 
 
  
 Fig 2. The group mean (n=5) tear film surface quality (TFSQ) for each of the three conditions 
(bare eye, hydrogel and silicone hydrogel contact lens). Error bars denote one standard 
deviation. 
 
  
  
 
Fig 3. Tear film surface quality (TFSQ) mean values for the three conditions (bare eye, 
hydrogel and silicone hydrogel contact lens) for five subjects. The time values represent the 
first 6 seconds of the inter-blink interval. 
 
 
 
 
 
